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Abstract
Rural low-cost housing in South Africa is characterised by poor thermal per-
formance, as these houses are designed with no consideration of utilising ambient 
weather conditions for indoor thermal comfort. Hence, a prototype low-cost energy 
efficiency house was built based on the principle of passive solar design to avert the 
energy burden faced by low-cost house dwellers. Passive solar design in this context 
is the strategic selecting and locating of building envelope components to utilise the 
ambient weather factor of a house to enhance indoor thermal comfort. The aim of 
this study is to analyse the thermal performance of the passive solar house. To this 
effect, the indoor and weather conditions of the house which include air tempera-
ture, relative humidity, and solar radiation were monitored. The thermal contribu-
tion of the windows was determined from the measured data. In summer, 49% of the 
whole building air temperature and approximately 85% of its corresponding relative 
humidity were found within the thermal comfort. Only 23% temperature and 78% 
relative humidity distributions of the whole building were in the thermal comfort 
zone in the winter season. The daily cumulative heat contribution of the clerestory 
windows with no shading material was higher than that of the south-facing windows 
by 1.08 kWh/m2/windows in summer and 4.45 kWh/m2/windows in winter.
Keywords: rural development, housing, passive solar design,  
thermal performance, solar energy
1. Introduction
Over the years, building design, occupants’ behaviour, choice of technology 
usage, and manufacturing and construction processes have resulted in the increas-
ing energy consumption as well as the release of greenhouse gases (GHG) in the 
building sector [1]. Globally the building sector consumes over 30% of total final 
energy, having increased by more than 35% since 1990 and, at the same time, 
accounting for 30% of CO2 gas emission. The building sector also accounts for 
half of the world electricity demand, with some region electricity consumption 
increased by 500% [2]. In the residential sector, energy is consumed for space heat-
ing, cooling, domestic activities, and lighting, among others.
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However, the use of improved thermal building envelope, bioclimatic design, 
and energy-efficient appliance, as well as light fittings, has seen the offset of 
energy demand from floor and population growth in the building sector [3]. Thus, 
final energy demand in the building sector only rose by 5% between 2010 and 
2017. Within the above specified period, a significant decline in space heating was 
observed, while improvement in space heating is not visible [4].
In South Africa, the housing shortage in most rural communities resulted in 
the mass construction of houses (low-cost) in the Reconstruction Development 
Program (RDP) in 1994. Since the inception of low-cost housing (LCH), more than 
4.9 million households have been accommodated with over 2.3 million backlogs 
[5, 6]. According to Klunne, LCH are designed with no consideration of thermal 
energy efficiency, as they cannot utilise solar energy for space heating. He further 
indicated that uncontrollable heat exchange between the inner and outer space 
of the house due to openings and cracks on the building envelope leaves the inner 
space extremely cold in winter [7]. In 2005, Overy also found that the quality of 
LCH is poor with 90% of newly built houses not conforming to the national norms 
and standards. In his report, he also eluded that corruption and the use of unquali-
fied contractors (builders) are at the forefront of the nature of the houses [8]. 
However, LCH dwellers tend to bear the burden as they spend a significant amount 
of their income to achieve thermal comfort indoors [9]. Most households that 
cannot afford electrical energy resort to the use of firewood, coal, paraffin heaters, 
or thick clothing as alternative sources of energy for heating. This results in poor 
indoor air quality, cold-related illness, early child motility, respiratory diseases, 
etc. [10, 11]. Needless to say, the provision of LCH is a positive approach to rural 
development in the country, but incorporating passive solar design will improve 
the welfare of occupants and energy consumed in space heating as well as cooling, 
creating sustainable rural development.
The ambient weather of a house possesses a significant amount of energy 
required to naturally heat or cool the inner space at little or no expense. At the 
same time, the uncomfortable thermal condition indoors is due to the uncontrol-
lable interaction between the indoor and ambient weather factors [12]. Hence, to 
efficiently utilise the ambient weather energy indoors, a selective thermal exchange 
between the inner and outer environment is required; this process is known as pas-
sive solar or bioclimatic design [13]. A passive solar design uses heat movement such 
as conduction, convection, and radiation to admit and distribute heat in the inner 
space of a house.
On a typical sunny day, heat is transmitted through the windows due to radiation 
and conduction. The transmitted heat is stored and distributed by furniture and 
indoor air due to conduction and convection, respectively. Minimum infiltration air 
heat transfer through enhanced airtightness and controlled ventilation components 
are among the strategies of passive solar design. Conductive heat transfer through 
the perimeter walls of a passive solar house is also avoided as it is uncontrollable 
[14]. Regarding cooling, strategic locating and sizing of windows are used to 
achieve various airflow indoors. Windows at the windward and leeward side of the 
house create pressure difference indoors, resulting in a cross-ventilation  
[15, 16]. Also, locating windows or vents at significant height results in another 
form of airflow known as stack effect. Stack effect occurs due to vertical air tem-
perature variation indoor. Therefore, the rate of airflow increases with an increase 
in the height between the upper and lower windows or vents [17].
In both aspects of passive solar design mentioned above, the windows play 
a vital role, considering the building envelope components, whereas the sun 
and wind constitute the ambient weather influencing factors. The windows in 
a passive solar house are strategically located and sized to take advantage of the 
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ambient climate condition effectively. A prototype rural LCH energy-efficient 
house was design and constructed in SolarWatt Park based on the principle of a 
passive solar house. The aim of this study is to analyse the thermal performance 
of the house. In the context of this study, the thermal performance of the house is 
analysed based on the indoor weather condition relative to the outdoor ambient 
weather and the windows.
2. SolarWatt Park and the passive solar house
SolarWatt Park is located at the University of Fort Hare, Alice, in the Eastern 
Cape, South Africa. Alice is classified in the temperate interior (zone 2) climate of 
South Africa [18]. Typical annual season of Alice is characterised by a hot summer 
and mild (no snow) winter, with an average dry bulb temperature of 29 and 15°C, 
respectively. The east wind is predominant in summer, while the winter is domi-
nated by the west wind. An average wind speed of 2.5 m/s is experienced in Alice 
throughout the year [19]. A climatic map of South Africa [20], the Google earth 
map of SolarWatt Park and the passive solar house are presented in Figure 1.
The site was found suitable for the design and construction of the passive solar 
house due to its clear north side with no sunrays’ obstacle such as tall trees, moun-
tains and high-rise buildings. Therefore, the house was designed with its major 
glazing area facing north which is by the energy-efficient building design recom-
mendation in South Africa [18, 20]. A simulated daily sun path of the house with 
respect to its orientation is shown in Figure 2.
In the northern hemisphere, north-orientated housing design guarantees 
optimum sunray penetration in the winter season due to the low-angle sun. The 
penetrated sunrays, therefore, provide heating and daylighting indoors. However, 
the 44-cm long eaves are used to prevent overheating indoors during the sum-
mer season by blocking direct sunrays. To this effect, the two large north-facing 
windows (see Figure 2) distribute solar radiation to the northern floor area of the 
house, while the clerestory windows channel solar radiance to the southern floor 
area. Hence, even solar radiation distribution is achieved indoors.
Meanwhile, the clerestory windows enhance indoor passive cooling due to 
convectional current and various wind effects through effective operations of the 
windows [16].
Figure 1. 
Climatic map of South Africa indicating the location of the SolarWatt Park and a photo of the passive solar house.
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Furthermore, the house is made up of 10 m × 8 m (80 m2) floor area and consists 
of a bathroom, an open plan living room/kitchen and two north- and south-facing 
bedrooms. The floor area was arranged to ensure optimum and uniform distribu-
tion of solar radiation. The floor plan of the house indicating the floor arrangement 
is shown in Figure 3.
The floor plan was virtually partitioned into three thermal zones. Zone 1 marked 
with blue diagonal cross-hatch lines filled region is the living room/kitchen. The 
red diagonal up lines filled region used to indicate the north-facing bedroom is 
zone 2, while the south-facing bedroom is zone 3, represented by the region filled 
with green vertical lines. The bathroom was not shaded since it is not considered as 
a thermal zone.
In 2009, the construction of the passive solar house was estimated to be $36, 
579.55 with 1.00 USD equivalent to 11.76 ZAR, while its counterpart cost is $8505.62 
[21]. In spite of the cost margin, passive solar house presents a decent home com-
pared to conventional low-cost house [9, 16, 22].
Figure 2. 
A 3D view sun path simulation of the house.
Figure 3. 
The floor layout of the passive solar house indicating the floor arrangement and various zone 1.
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3. Methods and instrumentation
3.1 Indoor and outdoor thermal conditions
The indoor and outdoor thermal condition measurement deals with the air 
temperature and relative humidity in both environments. Therefore, HMP60 
temperature and relative humidity probe were used to measure the indoor as well 
as the outdoor air temperature and relative humidity of all zones in the house. The 
HMP60 probe uses a platinum resistance temperature (PRT) detector to measure air 
temperature, while air relative humidity is measured by capacitive relative humidity 
sensor [23, 24]. The measurement specifications of HMP60 probe temperature and 
relative humidity sensor are given in Table 1 [25].
Three sets of HMP60 probes were used to measure the indoor air temperature 
and relative humidity. In each zone, one HMP60 probe was suspended at the height 
of 0.8 m to ensure that the measured air temperature is nearest to the temperature 
felt by the occupants. At the same time, the probe does not obstruct the activities 
of the occupants. The locations of the HMP60 probe in the house and a set outdoor 
weather station are indicated in Figure 4.
As shown in Figure 4(b), the outdoor air temperature and relative humidity 
measuring probe was housed in a 6-plate naturally aspirated radiation shield. The 
white painted radiation shield enables it to reflect solar radiation. At the same time, 
the louvre allows natural free flow of air through the shield, thereby keeping the 
probe as close as possible to the ambient air temperature (eliminating solar effect) 
and water vapour [26].
3.2 Solar radiation measurements
In this study, solar radiation measurements cover ambient global horizontal irra-
diance (GHI) and global irradiance at the four perimeter walls of the house. Due to 
atmospheric interference, the sum of direct and diffuse solar radiation reaching the 
earth surface, excluding albedo, is called global radiation, and it can be observed 
on vertical and horizontal surfaces. Thus measured global radiation on a horizontal 
plane is called global horizontal irradiance [27, 28].
At the right-hand side of the outdoor weather monitoring setup in  
Figure 4(b), the horizontally levelled Kipp and Zonen CMP-11 pyranometer 
was used to monitor the global horizontal irradiance (GHI). The pyranometer 
uses a 32-junction thermopile to measure solar radiation with a sensitivity of 
8 μV m−2 and a spectral range of 285–2800 nm. Its response time is less than 1.7 s 
(63%) and 5 s (95%) [29]. The outdoor weather setup was elevated by 1 m above 
the roof, to ensure an unobstructed space for the radiometer. The pyranometer’s 
dome was also cleaned twice per week to keep the dome clear of dew, dust,  
Parameters Measurement range Accuracy (±)
Temperature (°C) −40 to +60 0.6
Relative humidity (%) At 0–40°C 0–90 3
90–100 5
At 0–40°C and +40°C to +60°C 0–90 5
90–100 7
Table 1. 
HPM60 temperature and relative humidity sensor specification.
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frost, birds’ excreta, and any substance that may obstruct transmission  
of solar radiation.
Due to the daily sun movement, the solar irradiance at the elevations of a house 
varies. This, however, influences the thermal impact of the windows at various 
elevations. Thus, four Li-Cor 200R pyranometers with one pyranometer at each of 
the house elevation were used to monitor the global irradiance at the various eleva-
tions. Figure 5 shows a Li-Cor 200R pyranometer measuring the global irradiance 
in one of the house’s elevations.
As illustrated in Figure 5, the pyranometers were mounted vertically on the 
outer surface of each of the perimeter wall. They were mounted at an even height 
of 1.8 m. By so doing, the solar radiation falling on the walls was measured. 
Li-Cor pyranometer uses a silicon photovoltaic sensor mounted in a cosine-cor-
rected head to measure solar irradiance. Together, a variable shunt resistor circuit 
in the cable is used to convert the measured current to a voltage signal [30].
Figure 4. 
(a) Floor layout of the house indicating the location of the indoor thermal sensor and (b) setup outdoor 
weather station.
Figure 5. 
Li-Cor 200R pyranometer for monitoring global vertical irradiance on the east elevation of the  
passive solar house.
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4. Results and discussions
4.1 Ambient solar radiation analysis
Thermal monitoring of the house which involves the global horizontal irradi-
ance (GHI), resultant global irradiance at the various elevations, and indoor and 
ambient air temperature was initiated in September 2016 and continued until 
September 2017. Uncontrollably, 944 data entries were missed, amounting to 5% of 
missing data. The missing data occurs in November 2016, December 2016, February 
2017, and March 2017. The periods with missing data in the affected months were 
excluded in the data analysis going forward.
The measured GHI and average irradiance profile are given in Figure 6(a), while 
Figure 6(b) shows the monthly average GHI and total irradiation over the measure-
ment period.
As seen in Figure 6(a), due to the measurement period considered, the winter 
dip, represented by June, July, and August months, was obtained at the right-hand 
side of the profile. This, however, did not affect the measured irradiance during 
the entire period. In agreement with theory [31, 32], the measured GHI as seen in 
Figure 4(a) ranges from 0 to 996.0 W/m2, where periods with the sun absent pro-
duce 0 W/m2 and the maximum irradiance of 996.0 W/m2 was logged in February 
2017 at 12 h30. Furthermore, monthly average irradiance and total irradiation were 
developed to portray a typical sequential distribution of annual GHI at the southern 
hemisphere as shown in Figure 6(b). Also, the solar irradiance and irradiation 
distribution were predicted using a Gaussian function. The trend of the chart tends 
to correspond with the solar radiation distribution in the southern hemisphere [33]. 
In other words, a relatively lower solar irradiance of an average of 140.5 W/m2 was 
observed in June, July, and August, whereas the rest of the months had an average 
of 192.8 W/m2. Due to data loss and sky formation, an irregular distribution of solar 
irradiance was observed in January, February, November, and December. Hence, the 
red and blue band areas were used to indicate the period considered as summer and 
winter seasons, respectively, in the thermal performance evaluation of the house.
Solar irradiance across the north, east, south, and west elevations of a house 
varies due to daily movement of the sun. Consequently, heat transfer through the 
perimeter walls varies across the elevations [34]. The global irradiance at the vari-
ous elevations was measured to depict the received solar irradiance and correspond-
ing heat transfer through the windows. Daily summer and winter average global 
Figure 6. 
(a) Measured and average global horizontal irradiance and (b) monthly average irradiance and total 
irradiance chart.
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irradiance at the north, east, south, and west elevations, as well as their correspond-
ing irradiation, is given in Figure 7.
Practically, the sun travels daily from the east to the west through the north eleva-
tion in the southern hemisphere and the south elevation in the northern hemisphere 
[35, 36]. The measured solar irradiance at the building elevations in Figure 7 concords 
with the above concept. Hence the north elevation receives a significant amount of 
solar radiation during the day, while the south elevation receives minimum daily solar 
radiation. Nevertheless, the solar irradiance at the north and south elevations peaked at 
approximately the same time (mid-day). Also, both irradiance (north and south eleva-
tions) followed the same trend as the GHI. The solar irradiance at the east and west 
elevations was also observed to peak at the early and late hours of the day, respectively.
The sharp dip in the west irradiance distribution was due to deciduous trees 
planted at the west side of the house. The trees were intended to shade the late 
afternoon sun and prevent cold winter wind. Further analysis of the solar radiation 
at the house elevations is given in Table 2.
As observed in Figure 7 as well as Table 1, the daily average winter irradiance 
at the north elevation was higher than the average GHI by 106.27 W/m2. It was also 
observed to be higher than the north elevation average irradiance by 161.27 W/
m2 in the summer season. The relatively high north irradiance during the winter 
season which is due to the low-angle winter sun is the fundamental principle of 
passive solar design for heating concerning the ambient weather conditions. The 
north elevation outperformed the others regarding daily average and maximum 
Building 
elevation
Summer season Winter season
Average 
(W/m2)
Maximum 
(W/m2)
Peak 
time
Daily 
irradiation 
(kWh/m2)
Average 
(W/m2)
Maximum 
(W/m2)
Peak 
time
Daily 
irradiation 
(kWh/m2)
North 215.1 472.4 12 h00 3.23 376.4 741.5 12 h30 4.71
East 188.4 510.7 09 h30 2.83 156.0 490.6 9 h30 1.95
West 123.4 349.6 14 h00 1.85 92.7 311.7 14 h00 1.16
South 76.6 126.7 11 h00 1.15 44.2 78.0 12 h00 0.55
Table 2. 
Typical summer day solar global radiation at the house elevations.
Figure 7. 
Measured solar global irradiance at the elevations of the house and corresponding heat energy on typical 
summer and typical winter days.
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irradiance as well as the daily irradiation, comparing other elevations in Table 1. 
The solar irradiation in Figure 7(a) and (b) serves as the instantaneous (30 min 
interval) heat energy received from the sun at the respective elevation, whereas, 
Table 1 gives the daily cumulative heat energy. Per day, the north elevation had the 
maximum heat energy during the winter season.
4.2 Windows heat transfer and solar heat gain
Heat transfer through the windows of a house is the sum of conductive and 
radiative heat transfer. During the day (present of the sun), both means of heat 
transfer coincide. While at night, conductive heat transfer is dominant. Due to 
the indoor and ambient air temperature difference, conductive heat transfer 
transpires through the windows. Conductive heat transfer through the windows is 
given as [37]
  Q   c𝜃 = ∑ AU ( T eo −  T i ) (1)
where  A is the area of the window including the frame,  U is the conductive heat 
transfer coefficient, and  T i represents indoor air temperature. The ambient air 
temperature was replaced by  T eo in Eq. (1). As indicated in Table 1, the daily irradi-
ance varies across the house elevations; it is, however, not viable to quantify the 
conductive heat transfer through each window, assuming a uniform ambient air 
temperature. Thus, a parameter that incorporates the ambient air temperature and 
solar radiation was introduced to evaluate the heat transfer through the windows; 
this parameter is called as sol-air temperature  T eo . Sol-air temperature also caters for 
convective and radiative heat transfer between the windows and ambient air film. 
Sol-air temperature is given by [38]:
  T eo =  T o +  𝛼I __ h o 
−  
Δqir
 ____
 h o 
 (2)
 h o represents the surface (convective and radiative) heat transfer coefficient 
(W/m2 K), while  I is global solar irradiance at a given elevation (W/m2).  Δqir is the 
correction to infrared radiation transfer between a surface and the environment, if 
the sky temperature is different from  T o (W/m
2). Furthermore,  α is the absorptance 
of the surface for solar radiation. Using Eq. (2) and Figure 7, the average summer 
and winter sol-air temperature at the various elevations of the passive solar house 
was computed and given in Figure 8.
In computing the sol-air temperature, longwave radiation factor  ( 
Δqir ____
 h o 
 ) was 
assumed to be 0°C for the windows, considering that they are vertically inclined to 
the sunrays. Regarding solar absorption  α of the surfaces, a dark-coloured surface of 
0.053 m2 K/W was assumed [36], since the perimeter walls and the wooden frame 
of the windows were dark in colour. Comparing Figures 9 and 7, the sol-air tem-
perature at each of the house elevation corresponds to their respective global irradi-
ance. Both parameters (sol-air temperature and global irradiance) were observed to 
follow the same trend and peaks at the same time. However, during the absence of 
the sun, the sol-air temperature at the various elevations of the house was found to 
be approximately equal.
The sun is solely responsible for radiative heat transfer. Hence, radiative heat 
transfer only occurs during the period the sun is present, and it is referred to as 
solar heat gain. Equation (1) must be positive to achieve solar heat gain. However, 
the instantaneous radiative or solar heat gain through a window can be evaluated by
Wind Solar Hybrid Renewable Energy System
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  Q  sol = A × SC × SHGF (3)
where  SC is the shading coefficient of the window. It varies with respect to the 
type of glazing and shading device (blind, drape, etc.). Depending on the reflec-
tion, absorption, and transmission of the glazing and shading device, a significant 
amount of solar heat gain is reduced or transferred through the window. An inverse 
function of the  SC is the solar heat gain factor ( SHGF ).  SHGF is the fraction of solar 
heat transmitted through a specific window. Hence,  SHGF takes into consideration 
the geographical location of the window; time of the day, month, and year; as well 
as orientation of the window. The  SHGF for windows in specific locations on the 
earth with respect to the parameters as mentioned above is given by ASHRAE [38]. 
However, a universal substitute for  SHGF is the solar heat gain coefficient ( SHGC ). The 
relationship between both parameters are given as
  SHGF = SHGC × I (4)
Therefore Eq. (3) can be rewritten as
  Q   sol = A × SC × SHGC × I (5)
Hence, the instantaneous heat transfer through the house windows at the 
various elevations was computed by combining Eqs. (1) and (5) together with 
Figures 7 and 8. The resultant summer and winter daily heat transfer through the 
house windows is given in Figure 9(a) and (b), respectively.
The following assumptions were made to obtain the profile given in Figure 10. 
The SHGC and U-value of a timber frame window are 0.77 and 5.6 W/m2 K, respec-
tively [18]. In all windows excluding the clerestory windows, semiopen weave and 
medium colour single drapes were used. Hence, the SC of the windows was 0.51. On 
the other hand, no drapes were used in the clerestory windows; thus the SC was 0.95 
[39]. The area of the frame and thermal lag factor of the windows were ignored. In 
terms of operation, all windows were closed at all times.
In both figures, the north-facing windows had the maximum heat gain. This 
includes the clerestory and north perimeter windows. Heat gain through the 
clerestory windows was found to be maximum with 759 W at 14 h00 and 1356.50 W 
at 12 h30, in summer and winter, respectively. The daily average heat gain through 
the same windows was 507.72 W in summer and 896.51 W in winter. The north 
Figure 8. 
Sol-air temperature at various elevations of a passive solar house on average summer and winter days.
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perimeter windows’ heat transfer follows the same trend but 79 and 41% lesser in 
summer and winter, respectively.
The least heat gain was obtained at the south perimeter windows. Their daily 
average heat gain was 76.29 W in summer and 50.85 W in winter. Heat transfer 
through the south windows was 85% lesser than that of the clerestory windows in 
summer and 94% lower in the winter season. The clerestory windows also had the 
maximum heat loss. The daily average heat loss difference between the clerestory 
windows and the other perimeter windows was 15.62 and 14.42 W in summer and 
winter, respectively. Furthermore, the daily cumulative heat energy through the 
windows in summer and winter is given in Figure 10.
The clerestory windows generate 3.10 kWh/m2/window in summer and 4.73 
kWh/m2/window in winter. This results in 9.30 and 18.60 kWh/m2 daily cumulative 
heat energy generated in the living room and south-facing bedroom in summer, 
as well as 14.19 kWh/m2 in the living room and 28.38 kWh/m2 in the south-facing 
bedroom in winter. Once again, the south perimeter windows were the most under-
performing. The daily cumulative heat energy gain through the south windows 
was 82 and 94% lesser than that of the clerestory windows in summer and winter, 
respectively. An average daily cumulative heat energy loss of 0.48 kWh/m2/window 
was obtained in all windows in summer. Also in winter, 0.52 kWh/m2/window was 
obtained. Besides, the east perimeter windows had the maximum heat energy loss 
with 0.45 kWh/m2/window in summer and 0.51 kWh/m2/window in winter.
The clerestory windows show significant heat contribution to the inner space of 
the house. From the findings, it indicates that the clerestory windows were able to 
Figure 10. 
Seasonal daily windows’ cumulative heat energy.
Figure 9. 
Typical summer and winter daily heat transfer through the windows of a passive solar house.
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offset the underperforming south perimeter windows. Also, irrespective of size (glass 
surface area), the clerestory windows outperformed the other windows in both sea-
sons in terms of heat gain. It can be said that the performance of the windows is a fac-
tor of the orientation of the house rather than the surface area of the windows (glass). 
Additionally, the solar heat gain through the windows was examined. The summer 
and winter daily average solar irradiation on the outer surface of the house windows 
and the resultant heat energy gain are given in Figures 11 and 12, respectively.
From Figure 11, the south perimeter windows had minimum heat energy 
transmission. It was found that 48%/window of solar irradiation was transmitted 
through the south perimeter windows. The clerestory windows, on the other hand, 
had the maximum heat energy transmission with 96%/window. Similar behaviour 
was observed in Figure 12. The south perimeter and clerestory windows heat 
energy transmission with respect to their solar irradiation were 52 and 101%/win-
dow, respectively. Detailed findings of the solar irradiation of the house windows 
and the resultant heat energy transmission are given in Table 3.
As stated earlier, the heat energy transmitted through the windows (glass area) 
is due to simultaneous conductive and radiative heat transfer. Although, the above 
comparative analysis only took into consideration the radiative heat energy gener-
ated on the windows’ outer surface. Also, no shading device (drapes) was used in 
the clerestory windows. Hence, during the winter season, more than 100% of heat 
energy was transmitted through the clerestory windows.
4.3 Indoor weather conditions analysis
The indoor air temperature and relative humidity were the focus of the indoor 
weather conditions analysis. Thus, both parameters of each zone in the house were 
measured separately to establish the thermal influence of the various activities and 
orientation of the rooms (see Figure 4). The seasonal daily indoor air temperature and 
relative humidity profiles of the different zones in the house are given in Figure 13.
In Figure 13, the vertical bar charts below and above represent the air tempera-
ture and relative humidity percentage difference, respectively, of the three zones. A 
minimal summer day air temperature and relative humidity percentage difference 
were observed. However, zone 3 had the maximum air temperature and relative 
Figure 11. 
Typical summer day solar heat gain of the house north, east, south, west, and clerestory windows.
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humidity percentage difference in both days. On a typical summer day, the air 
temperature percentage difference was 4% at 12 h00 and a corresponding relative 
humidity of 3% at 11 h00. The air temperature and relative humidity percentage 
differences were, respectively, 16% and 12% on a typical winter day. Further find-
ings of Figure 13 are summarised in Table 4.
Figure 12. 
Typical winter day solar heat gain of the house north, east, south, west, and clerestory windows.
Windows Summer Winter
Solar 
irradiation 
(kWh/m2)
Transmitted heat 
energy (%/window)
Solar 
irradiation 
(kWh/m2)
Transmitted heat 
energy (%/window)
North 3.23 63 4.71 67
East 2.83 60 1.95 63
South 1.15 48 0.55 52
West 1.85 57 1.16 61
Clerestory 3.23 96 4.71 101
Table 3. 
Seasonal solar heat energy transmitted through the windows.
Figure 13. 
Average summer and winter days’ air temperature and relative humidity distribution in the various zone.
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In Tables 4 and 5, the daily swing refers to the difference between the daily 
maximum and minimum air temperature and relative humidity. In Table 4,  
a fairly constant daily air temperature swing with an average of 5.6°C was observed, 
although the relative humidity swing in each zone varies. This was expected given 
that the presence and activities of occupants in a room are an influencing factor of 
relative humidity.
Furthermore, varying air temperature and relative humidity were observed in each 
zone during the typical winter day. This implies that a relatively high diurnal tem-
perature variation was experienced during the winter season. In addition, zone 3 had 
the maximum daily air temperature swing of 9.6°C. This was as a result of the north-
facing clerestory windows. Recall that the house was designed to optimise even air 
temperature indoors. Hence, the clerestory windows were installed to distribute solar 
radiation to the south floor area of the house. The blue dash circles in Figure 13 indi-
cate air temperature increase in zone 3 (south-facing room) due to penetrated solar 
radiation, consequently increasing the day and night air temperature differences in the 
zone. Zone 3 air temperature tends to increase more in winter due to the low-angled 
sun experienced during the season, regarding the blue circled area in both figures.
However, the average indoor air temperature and relative humidity in all zones 
were obtained and used to illustrate the indoor air temperature and relative humid-
ity distribution within the thermal comfort zone. The average air temperature of all 
zones was represented by the whole building air temperature, while whole building 
relative humidity served as the average relative humidity of the three zones. Summer 
season frequency distribution of the whole building and ambient air temperature, as 
well as their corresponding relative humidity, are shown in Figure 14.
Zone 1 2 3
Indoor weather 
parameter
Temp. 
(°C)
RH (%) Temp. 
(°C)
RH (%) Temp. 
(°C)
RH (%)
Daily swing 6.1 16.3 6.7 20.0 9.6 22.2
Max. per. diff. (%) 
(equiv. temp.)
11.6 
(2.4°C)
6.5 
(2.2%)
4.8 
(0.9°C)
5.7 
(1.9%)
16.2 
(3.4°C)
12.2 
(4.1%)
Peak time 12 h00 12 h00 11 h00 12 h00 12 h00 12 h00
Average per. diff. (%) 
(equiv. temp.)
2.2 
(0.4°C)
3.1 
(1.3%)
2.3 
(0.4°C)
2.5 
(1.0%)
3.9 
(0.7°C)
3.6 
(1.5%)
Table 5. 
Typical winter day indoor air temperature and relative humidity variation in the house zones.
Zone 1 2 3
Indoor weather 
parameter
Temp. 
(°C)
RH (%) Temp. 
(°C)
RH (%) Temp. 
(°C)
RH (%)
Daily swing 5.4 14.4 5.8 16.1 5.7 13.5
Max. per. diff. (%) 
(equiv. temp.)
4 
(0.9°C)
2.9 
(1.3%)
2 
(0.5°C)
2.7 
(1.2%)
4 
(1.1°C)
3.1 
(1.3%)
Peak time 12 h00 18 h30 16 h00 18 h30 11 h00 11 h00
Average per. diff. (%) 
(equiv. temp.)
2 
(0.4°C)
0.9 
(0.4%)
1 
(0.2°C)
1.7 
(0.8%)
1 
(0.3°C)
1.1 
(0.5%)
Table 4. 
Typical summer day indoor air temperature and relative humidity variation in the house zones.
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A total of 12,607 data entries were used to develop the summer whole building 
and ambient air temperature and relative humidity distribution profile. As seen 
in Figure 14, the whole building and ambient air temperature distributions were 
divided into nine classes of 4.9°C width, and the air relative humidity frequency 
distribution curve is made of 11 classes of 9.99% width. Statistically, the whole 
building and ambient air temperature were not normally distributed. The whole 
building temperature skewness was 0.20 with a standard error (S.E) of 0.02, 
whereas a skewness of 0.41 (S.E 0.02) was obtained for the ambient temperature. 
Although both whole building and ambient air relative humidity in Figure 14 
were also not normally distributed, an opposite skewness was obtained. The whole 
building and ambient relative humidity had a skewness of −23.32 and − 23.68, 
respectively, both with a S.E of 0.02.
This implies that the measured air temperature and relative humidity deviate 
away from their mean towards the positive and negative side, respectively, where 
the whole building and ambient mean values are indicated by the blue broken 
(24°C) and solid (19°C) lines in their respective classes. The broken red line (47%) 
is used to identify the mean value of the whole building relative humidity, while the 
solid red line signifies the mean ambient relative humidity of 68%.
Thermally in Figure 14, the solid grey line and band indicate the indoor air 
temperature (20 and 24°C) and relative humidity (30 and 60%) comfort zones, 
respectively [40]. In this regard, 49% of the whole building air temperature and 
approximately 85% of its corresponding relative humidity were found within the 
thermal comfort, whereas only 21 and 28% of the ambient air temperature and 
relative humidity, respectively, were in the thermal comfort zone.
In the winter season, a total of 4386 data entries were used to develop the whole 
building thermal condition, ambient air temperature, and relative humidity distri-
bution profile. Nonetheless, a similar behaviour of the whole building, ambient air 
temperature, and relative humidity were observed. Figure 15 shows the measured 
ambient and whole building air temperature as well as the resultant relative humid-
ity during the winter season.
From Figure 15, the whole building temperature and relative humidity skew-
ness were 0.22 and −0.21, respectively, with a S.E of 0.04. Meanwhile, a skewness 
of 0.22 was observed for the ambient air temperature, while the relative humidity 
skewness was −0.15, both with a S.E of 0.04. Hence, the whole building, ambient 
air temperature, and relative humidity curves are asymmetric. In other words, the 
mean of the whole building air temperature drifts away from the thermal comfort 
zone, leaving only 23% of the whole building temperature distribution in the 
Figure 14. 
Whole building and ambient air temperature and relative humidity summer season profile.
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thermal comfort zone. However, the percentage of the ambient air temperature in 
the thermal comfort zone deviates by 10%, whereas approximately 78 and 29% of 
the whole building and ambient air relative humidity, respectively, were inside the 
thermal comfort zone.
Based on the findings, it could be said that the whole building air temperature 
to a certain degree is influenced by the ambient air temperature given that both 
distributions follow the same trend in both seasons. Nevertheless, the same cannot 
be said for the whole building and ambient air relative humidity. In both seasons, 
the whole building relative humidity distribution tends to follow the whole building 
air temperature.
Theoretically, relative humidity is a measure in percentage of the amount of 
water vapour in the air compared to the amount of water vapour the air can hold at 
a given temperature. Considering that the amount of water vapour the air can hold 
mainly depends on the air temperature, an increase in air temperature increases the 
capacity of water vapour the air can hold. At a fixed amount of water vapour, an 
increase in air temperature results in a decrease of the air relative humidity and vice 
versa. Therefore, the measured air temperature and relative humidity in Figures 14 
and 15 are in line with theory.
5. Conclusion
The aim of this study is to analyse the thermal performance of a prototype 
low-cost energy-efficient house in South Africa. A passive solar house in SolarWatt 
Park, Alice, was used in the study. The indoor and ambient weather conditions of 
the house were monitored. Indoor and outdoor air temperature, relative humidity, 
as well as global horizontal irradiance and global irradiance at the various elevations 
of the house constitute the weather conditions.
It was found that strategic locating of the windows provides significant day-
lighting and heating for the inner space of the house. Also, the heat contribution 
of the windows was found to be dependent on the house orientation and shading 
materials (blind and drape). The performance of the north-facing clerestory and 
south-facing windows supports this claim. The daily cumulative heat contribution 
of the clerestory windows with no shading material was higher than that of the 
south-facing windows by 1.08 kWh/m2/windows in summer and 4.45 kWh/m2/
windows in winter. Due to conductive and radiative heat transfer which co-occurs 
in the windows, the clerestory windows were found to transmit more than 100% of 
the solar radiative energy generated on the outer surface in winter. The performance 
Figure 15. 
Whole building and ambient air temperature and relative humidity winter season profile.
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of the clerestory windows as shown in the findings made it an essential component 
of direct solar heat gain strategy in passive solar design.
It was also observed that the generated heat from the windows does not consti-
tute overheating indoor. In summer, 49% of the whole building air temperature and 
approximately 85% of its corresponding relative humidity were found within the 
thermal comfort. Only 23% temperature and 78% relative humidity distributions of 
the whole building were in the thermal comfort zone in the winter season.
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